This paper describes a highly developed fiber fault isolation technique that can distinguish a fault in branched optical fibers in passive optical network (PONs). This technique provides a promising way of extending the functions of the conventional optical fiber testing and monitoring system. We demonstrate an optical fiber line testing and monitoring system with a high dynamic range that employs a high spatial resolution OTDR (H-OTDR) and highly reflective fiber Bragg grating (FBG) filters installed in the front of ONUs on the customers' premises. We also describe a cost effective fiber fault isolation technique that employs frequency domain analysis. These techniques enable us to isolate a fiber fault, reduce maintenance costs and improve service reliability.
Broadband optical access network provision currently requires the accommodation of thousands of optical fibers in a central office.5) An optical fiber line testing and monitoring system is essential for reducing construction and maintenance costs and improving service reliability in an optical fiber network. We have already developed such a system called AURORA (AUtomatic optical fibeR OpeRAtion support system).6'7)
Currently optical splitters for passive optical networks (PONs) are installed in optical closures and cabinets near customers' premises.8 However, the function of this testing system must be extended to make it possible to monitor the branched optical fibers of PONs.
A conventional optical time domain reflectometer (OTDR), which is the main test equipment of our testing system, is unsuitable for this purpose because Rayleigh back-scattered light from different branched optical fibers cannot be differentiated at the OTDR.
Sankawa et al. proposed a technique that uses an OTDR to isolate and locate fiber faults in branched optical fibers.9) But it is difficult to extend our conventional testing system because the dynamic range of a conventional OTDR is insufficient to monitor the branched optical fibers of PONs.
Several fiber fault isolation techniques have been proposed for the branched optical fibers of PONs.10-13) The multi-wavelength OTDR techniquem) is expensive because it needs a wavelength tunable laser for the OTDR and an optical splitter with wavelength selection and routing functions. Other techniques use optical amplifiers in the central office11) and add several functions to an ONU.12 '13) So the fiber fault isolation technique for PONs must be able to distinguish a fault in branched optical fibers and have a high dynamic range. Moreover the technique must be economical and easy to incorporate in conventional testing systems. This paper describes a fiber fault isolation technique for the branched optical fibers of PONs that employs a high spatial resolution OTDR and frequency domain analysis using highly reflective optical filters which are attached to the end of branched optical fibers.
In section 2, we describe the basic system configuration of our optical fiber line testing and monitoring system and basic fiber fault isolation technique using the reflections from the optical filters attached to the end of the branched optical fibers.
In section 3, we describe a time domain analysis method that uses an OTDR to measure the reflections from highly reflective optical filters, which allows us to extend the functions of the conventional system. We also describe the design of the system and clarify its operational area. We describe a testing system that uses highly reflective optical filters and a high spatial resolution OTDR (H-OTDR). But this OTDR requires a light source with a narrow pulse width and a receiver with a wide bandwidth and high sensitivity to provide high spatial resolution. We have already used wavelengths of 1310, 1490 and 1550 nm for communication and video services. Therefore, we employ the 1650 nm wavelength in the ultra long wavelength band (U-band) for maintenance testing in accordance with ITU-T recommendation L.41.7,14) Figure 2 shows the basic fiber fault isolation technique for branched optical fibers with an optical splitter. If the fiber line is faulty, the worker must prepare optical fiber cables, and splicing and testing tools to undertake the repair. If the ONU is faulty, the worker must prepare a replacement ONU. This makes it very important to isolate the fiber fault because the required repair work differs depending on the type of fault.
To isolate a fiber fault, we must measure the initial reflection value from optical filters installed in front of the ONUs using the TE. As the branched optical fiber losses and optical filter return losses are different, the reflection values from the optical filters are different in the TE trace. So we measure the initial reflection values of the optical filters after ONU installation. When the lengths of the branched optical fibers differ from the spatial resolution of the TE, we can distinguish the reflections from optical filters #1 and #2. We can determine that the optical fiber with optical filter #1 is faulty because the reflection value of the filter has changed from its initial value.
3. System design of optical fiber line testing and monitoring system using an H-OTDR and highly reflective optical filters Figure 3 shows the basic configuration of our branched optical fiber line testing and monitoring system that employs the time domain analysis method using an OTDR. The OTDR measures the reflections from the end of the optical fiber (#N), namely before any service demand or when the fiber is broken, and the optical filters (#1,#2,...) which are in-service. The reflection values of the optical filters must be higher than those at the end of the branched optical fibers.
In order to clarify the operation area of this system, we show equations for the system dynamic range derived from the optical filter return loss and the OTDR dynamic range.
Optical filter design
The reflection values of the optical filters (#1, #2,...) must be higher than those at the end of the branched optical fibers (#N). So equation (1) must be satisfied. 
Si: Optical splitter insertion loss of # i port (2) (Smax-Smin) is 1.0 dB because the optical splitter's uniformity is less than 1.0 dB. The fiber length between an optical splitter and the ONUs is short, and we assumed that (Amax-Bmin) is 3.0 dB. In detail, the fiber loss is 0.5 dB because the filter loss is 0.5 dB/km and the fiber length is less than 1 km. The connection loss is 2.5 dB because the mechanical splice loss, whose value is larger than that of a fusion splice, is 0.5 dB/joint,15) and there are fewer that five joints. Co is -14.7 dB from the return loss of the optical fiber, F is 2.0 dB from the OTDR fluctuation condition and the characteristics of the system components and the fiber cable.6) From these parameters and equation (2), the target return loss of optical filter Cf is over -2.7 dB.
System dynamic range design
The system dynamic range D for fiber fault isolation can be expressed by the following equation, (3) Where DOT is the single way dynamic range of the OTDR, which can measure the peak reflection from an optical filter whose return loss is negligible at -0.0 dB and E is the coupling loss (FS and optical coupler) [dB] .
As the system dynamic range D should be more than the optical fiber line loss, the following equation must be satisfied. 
Where Ai is the optical fiber loss [dB/km], and Hi is the length of the optical fiber line [km] . Figure 4 shows the required system dynamic range as a function of the fiber line length Hi of equation (4) when Ai is 0.5 dB/km. In Fig. 4 , line (a) is for a 4-branch optical splitter whose loss is 7.0 dB, line (b) is for an 8-branch optical splitter whose loss is 10.5 dB, line (c) is for a 16-branch optical splitter whose loss is 14.0 dB, and line (d) is for a 32-branch optical splitter whose loss is 17.5 dB.
Since we installed an 8-branch optical splitter for PONs whose maximum length is 20 km,16) the required system dynamic range is more than 23.5 dB.
Evaluation of testing system 3.3.1 Highly reflective optical filter
We applied fiber Bragg grating technology to the optical filters to obtain a high reflection.7,17) We evaluated the optical characteristics of twenty FBG optical filters. Table 1 shows the measured insertion and return losses of 20 sample optical filters. The lowest return loss was -2.18 dB at 1650 nm. The average insertion losses were 0.47 dB at 1310 nm and 0.66 dB at 1550 nm. Figure 5 shows the return loss spectrum of a sample optical filter. The return loss in the 1645 to 1655 nm wavelength range was less than -2.7 dB. From Table 1 and Fig. 5 , the return loss of the FBG optical filter meets our requirements. Figure 6 shows the spectrum of an OTDR light source. The peak wavelength was 1649.32 nm and the wavelength bandwidth was 2.0 nm. The light source spectrum was narrower than the return loss spectrum of the optical filter shown Fig. 5. Figure 7 shows the experimental set-up we used for our testing system evaluation. It consists of a high spatial resolution test equipment module (H-OTM) with a high spatial resolution OTDR (H-OTDR), an FS, an optical coupler, optical fibers, two optical valuable attenuators (ATT1, ATT2), an 8-branch optical splitter, and optical filters (#1, #2). With the high spectral resolution OTDR, we narrowed the pulse width of the light source and widened the receiver bandwidth. The H-OTDR pulse width and receiver bandwidth were 10 ns and 100 MHz, respectively.
Experimental set-up for evaluating testing system

(a) Fault isolation resolution
We evaluated the resolution of the fiber fault isolation obtained with this system. When two reflections are close to each other and the reflection value from optical filter #1 is lower than that from optical filter #2, reflection #1 is hidden by reflection #2. So we evaluated the fault isolation resolution when the reflection #1 and #2 values were different.
Smax-Smin is 1.0 dB, Bmax-Bmin is 3.0 dB, and Cmin is -2.7 dB, resulting in a maximum difference of 5.7 dB Figure 8 shows that we could distinguish the reflections from optical filters #1 and #2 with length differences of 1.0, 2.0, and 3.0 m. When the length difference was less than 2.0 m, reflection #1 was hidden by reflection #2. This meant that we could not isolate the reflections from optical filters #1 and #2. When the length difference was more than 3.0 m, we could isolate each reflection. We confirmed that this system could isolate a fault in an optical fiber when the difference between the distances of the branched optical fibers was more than 3.0 m.
(b) System dynamic range
We evaluated the system dynamic range of this system. We added the optical loss incurred when using ATT1 to the approxi- mate reflection and peak noise values. Figure 9 shows an OTDR trace with a reflection from optical filter #2. The measured insertion loss between the H-OTM and optical filter #2 was 35.0 dB. We also measured the return loss of optical filter #2 and it was -0.5 dB. From Fig. 9 , the difference between the peak noise value of the H-OTDR and the reflection value from optical filter #2 was 2.5 dB. This means the H-OTDR dynamic range DOT was 37.8 dB.
Based on equation (3) and E, E and Cf values of 10.5 dB where the optical coupler loss is 9.0 dB and the FS loss is 1.5 dB,7 2.0 dB, and -2.7 dB, respectively, the system dynamic range D is over 23.9 dB. FrOm these results and Fig. 4 , this system can operate over a 20 km optical fiber line with an 8-branch optical splitter for PONs. Moreover, when we increase the number of the optical splitter to 32-branch, the required system dynamic range is more than 30.5 dB. To extend the system dynamic range, we employ a crossed optical waveguide coupler as an optical coupler whose maximum loss is 1.4 dB 18) and the coupling loss E is 2.9 dB. From equation (3), when E is 2.9 dB and the other parameter is the same, the system dynamic range D extends over 31.3 dB. We confirmed that this system could operate over a 20 km optical fiber line with a 32-branch optical splitter for PONs. 4 . Frequency domain analysis method using spectrum analyzer 4.1 Basic configuration An H-OTDR requires a light source with a narrow pulse width and a receiver with a wide bandwidth and high sensitivity for a high spatial resolution. We therefore propose a simple new technique that uses the frequency domain analysis method to measure the reflection value. Figure 10 (a) shows the basic configuration we used for measuring the spectrum of signals reflected from an optical fiber. It consists of a light source to provide the test light, a spectrum analyzer with an O/E converter, an optical fiber (2.0 km), an optical filter that can reflect the test light attached to the end of the optical fiber, and an optical coupler.
We based our measurement of the spectrum of a signal reflected from an optical fiber on the following theory. The light source launches a CW test light into an optical fiber. The test light is reflected at a reflector and back to the O/E converter.
The O/E converter detects the periodic signal during the time the test light takes to make a round trip through the optical fiber and be reflected at the reflector. The cycles of these periodic signals are obtained for double the optical fiber length and the velocity of the light in the optical fiber. The spectrum analyzer then analyzes the periodic signal from the O/E converter and provides the spectrum. The peak frequency is given by the following equation; (5) where T is the time the test light takes to make a round trip through the optical fiber, v is the velocity of the light in the optical fiber, and L is the fiber length. Fig. 10 Measuring the spectra of signals reflected from an optical fiber (2 km).
peak frequency caused by the reflector at the end of the optical fiber must be 50.0 kHz. Figure 10(b) shows the spectrum measured for signals reflected from this optical fiber. The peak frequency was 49.8 kHz. From this result, we confirmed that our technique could measure the peak frequency caused by a reflector attached to the end of an optical fiber and this peak frequency is given by the optical fiber length and equation (5 
Faulty branched optical fiber isolation
We changed the reflector at 2.0 km to a non-reflector to simulate a faulty branched fiber. Figure 12 (a) shows the experimental set-up. The return loss of the non-reflector was over 50 dB. The peak frequency value of 49.8 kHz should decrease because there is no reflected signal from the non-reflector. Figure 12 (b) shows the initial spectrum from Fig. 11 (b) and the measured spectrum from the experimental set-up shown Fig. 12 (a) . We compared the initial spectrum with the measured spectrum and found that the peak frequency value at 49.8 kHz decreased. This result confirmed that this technique could isolate a faulty fiber among branched optical fibers. This technique offers the possibility of reducing TE cost because the light source and receiver requirements can be relaxed more than with the H-OTDR.
Conclusion
We proposed a highly developed fiber fault isolation technique that can distinguish a faulty fiber from among branched optical fibers in PONs. This technique offers the potential to extend the functions of the conventional optical fiber testing and monitoring system. We demonstrated a high dynamic range optical fiber line testing and monitoring system using an H-OTDR and highly reflective FBG filters installed in front of an ONU on customers' premises. The system dynamic range is over 23.9 dB and the system can operate over a 20 km optical fiber line with an 8-branch optical splitter for PONs. We also described a cost effective fiber fault isolation technique that uses frequency domain analysis. We demonstrated this approach and the result confirmed that we could isolate a fiber fault among branched optical fibers. These techniques make it possible to isolate a faulty fiber, reduce maintenance costs and improve service reliability.
